ABSTRACT
INTRODUCTION
Diapause is a major life history feature of many invertebrate organisms (e.g. Hutchinson 1967; Tauber et al. 1986; Hairston & Cáceres 1996; Fell 1998; Williams 1998) . Having diapause as part of a life history is clearly advantageous under a number of circumstances, especially when environmental conditions periodically deteriorate for an organism. Although it is difficult to show that diapause is an adaptation to any specific environmental factor, it may provide an adaptive advantage for a number of reasons including avoiding predictably or unpredictably harsh conditions, as well as synchronizing life cycles and reproduction (Hairston 1998) .
Determining the phenology of diapause is critical for understanding survival and reproductive success of individuals (e.g. Marcus 1979; Hairston and Munns 1984; De Stasio 1989; Hirche 1998) . Two important aspects of invertebrate life histories are the time spent in dormancy by individuals and variability among offspring in the duration of dormancy. A fair amount of data are available on the duration of dormancy for a variety of crustaceans (e.g. Hairston & Cáceres 1996) , but little information is available concerning variability among offspring in diapause traits. A few studies have shown a significant maternal effect on diapausing eggs of Daphnia (e.g. De Meester & De Jager 1993; De Meester et al. 1998 ) and on diapausing cysts of fairy shrimp (Van Dooren & Brendonck 1998) . To date there is no information for copepods on variability among siblings in hatching patterns or duration of diapause. However, these kinds of data are needed to understand the ecological and evolutionary implications of diapause as a bet-hedging strategy for organisms.
Here I present the first study to examine withinclutch variability in hatching patterns of diapausing eggs of a calanoid copepod, Onychodiaptomus sanguineus. Clutches of diapausing eggs of this species were reared and tested in the laboratory for the effects of temperature exposure and photoperiod cycles on hatching dynamics. The results indicate that both temperature and photoperiod are important external factors affecting termination of diapause, and that there is high within-clutch variability of hatching in this species.
METHODS

Bullhead Pond
Bullhead Pond (Rhode Island, U.S.A.) is a permanent, spring-fed body of water situated on a glacial end moraine. It has no inflowing or outflowing streams, and water depth fluctuates seasonally between 2.0 and 4.0 m. It has a surface area of 2.3 ha and is located at 41°24'N and 71°36'W. Complete ice cover occurs in January and February. The lake is mesotrophic with a typical maximum Chlorophyll-a content of 15 mg m -3
. Resident fish populations include sunfish (Lepomis macrochirus, L. gibbosus, and L. auritus) , bullhead (Ictalurus sp.), chain pickerel (Esox niger), and smallmouth bass (Micropterus dolomieui) (De Stasio 1990) . Seasonal planktivory by fish is an important factor affecting population dynamics, life histories, and timing of diapause egg production by the calanoid copepod Onychodiaptomus sanguineus (e.g. Hairston et al. 1983; Hairston 1987) .
Diapausing egg collection
Female Onychodiaptomus sanguineus carrying eggs were collected from Bullhead Pond, RI, USA in late February and early March of 1988 and transported to the laboratory. Animals were maintained in the laboratory at 11 °C and ambient light conditions. Offspring resulting from these subitaneous eggs also were raised at 11 °C and fed a mixture of laboratory cultures of the green algae Chlamydamonas and Scenedesmus. Males and females were allowed to mate haphazardly until females produced eggs. Under these conditions all females produced diapausing eggs.
On June 21, 1988 one hundred clutches of these newly produced diapausing eggs were placed into clear 20-ml glass vials with loosened caps, one clutch in each vial, in filtered water (GF/C Whatman Filter) from Bullhead Pond. All clutches used in this experiment were first clutches produced by each female.
Incubation Treatments
Vials were placed haphazardly into four treatment conditions where photoperiod and temperature were manipulated. Twenty-five clutches were incubated in each set of conditions. In Treatment 1 eggs were held at 4 °C in constant darkness (4C/Dark). Eggs in Treatment 2 were incubated at 4 °C but exposed to a changing photoperiod over the following two-year period (4C/Photo); daily light:dark (L:D) cycle was varied between 15:9 and 12:12 hours. Conditions for Treatment 3 included changing temperatures and constant dark conditions (Temp/Dark). Temperatures were varied between 4 °C and 15 °C. Finally, clutches in Treatment 4 were exposed to changing temperatures as well as changing photoperiods (Temp/Photo). Temperatures changed between 4 °C and 15 °C, and photoperiods alternated between L:D cycles of 15:9 and 12:12 hours. Light was supplied from cool white fluorescent bulbs, with a photon flux density during light periods of 15 µmoles s -1 m -2 .
Data collection
Vials were checked visually monthly during the first six months, and then once every six months for the remaining 18 months of the experiment. Number of hatched nauplii, embryos with some eye development (i.e. eyed embryos), eggs without any noticeable development, and number of decayed eggs were recorded each time vials were checked. Empty eggshells (i.e. chorions) were also enumerated when present. Duration of diapause for individual eggs was estimated by determining time in the experiment when nauplii hatched. All eggs were produced one or two days before the experiment began. Date of hatching was determined to be the midpoint of the time interval between the date a nauplius or chorion was observed and the previous date when eggs were checked. The resulting estimate of diapause duration is only a rough approximation because some intervals were six months long. Hatching percentages were calculated after subtracting eggs that decayed during the experiment from the total starting number of eggs incubated.
Statistical Analysis
Data were assessed for departures from normality and for heteroscedasticity and were transformed accordingly. One-way analysis of variance (ANOVA) was performed to test for significant differences in hatching percentages among treatment conditions and duration of diapause among clutches and among treatment conditions. Data expressed as percentages were transformed with the arcsine-inverse procedure prior to analysis (Sokol & Rohlf 1981) . Statistical analyses were performed using SYSTAT (ver. 5.2).
RESULTS
A total of 920 diapausing eggs of Onychodiaptomus sanguineus were collected from laboratory-reared females. Average clutch size in the experiment was 9.4 eggs per clutch (standard error = 0.46). There was no significant difference in clutch size among the treatment groups (F 3,96 =0.543, P=0.654) . Overall survival of eggs in the experiment was 86%, with decay and death of some eggs occurring due to build-up of excessive fungus or algae in the vials.
Hatching success was significantly affected by treatment conditions (F 3,90 =7.69, P=0.00012), with highest hatching occurring when eggs were subjected to both changing temperatures and changing photoperiod (Fig. 1 ). Exposure to a constant 4 °C temperature and dark conditions resulted in the lowest hatching success, with approximately 20% of eggs hatching over the twoyear period. Exposing diapausing eggs to a changing temperature cycle under dark conditions resulted in an increased hatching success (67%) compared to incubation at a constant cold temperature and changing photoperiod (48%).
Within-clutch hatching patterns
Aside from these clear patterns in treatment effects on overall hatching success, there were also clear differ-ences between hatching patterns of eggs within a clutch. In all treatments there was a mixture of hatching patterns (Fig. 2) . Many clutches contained eggs that hatched early and others that hatched later, resulting in a pattern of nearly continuous hatching over the 2 year period (e.g. Fig. 2d ). In other clutches, hatching rate was more synchronous, with many eggs hatching at the same time and others in the same clutch either not hatching or breaking diapause together at a later date (i.e. March of 1989 in figure 2b and September of 1989 in figure 2c ). This pattern produced pulses of hatching, especially in the Temp/Dark and 4C/Photo treatments.
First onset of hatching was generally earlier in the Temp/Photo and Temp/Dark treatments than in the other treatments (Fig. 2) . By September of 1989 between 80 and 89% of clutches in either the Temp/Photo or Temp/Dark treatments had at least one egg hatch, while only 59% of clutches in the 4C/Photo and 40% in the 4C/Dark treatments had any hatching by that time.
Duration of diapause
Duration of diapause was significantly different among the four treatment conditions (F 3,406 = 3.284, P=0.021), with an earlier peak in hatching occurring in the 4C/Dark treatment conditions (Fig. 3) . Patterns of diapasuse duration were fairly consistent among the other three treatment conditions. In all treatments except the 4C/Dark treatment, the greatest percentage of eggs broke diapause at an age of 551 days, while hatching peaked at 374 days of age for eggs in the 4C/Dark treatment. Hatching first increased noticeably in all treatments starting at an age of 202 days and continued until the end of the experiment when eggs were at least 687 days old.
In each of the treatment conditions, there was also a significant difference among clutches in duration of diapause. This is clearly evident in figure 2, where in each treatment diapausing eggs in some clutches all hatched together either early in the experiment or late in the experiment, while in other clutches the eggs hatched more consistently throughout the two year period. The most significant difference among clutches occurred in the Temp/Dark treatment (F 24,115 = 3.261, P=0.000012), but all other treatment conditions also showed significant differences among clutches in duration of diapause (4/Dark: F 14,31 = 2.153, P=0.037; Temp/Photo: F 22,144 = 1.777, P=0.024; 4/Photo: F 19,50 = 2.055, P=0.022).
DISCUSSION
The hatching success of diapausing eggs produced by Onychodiaptomus sanguineus in this experiment was significantly affected by both temperature and photoperiod cycles. Greatest hatching success occurred when eggs were exposed to a combination of temperature and photoperiod cycles, each occurring at times similar to natural changes in Bullhead Pond, RI, U.S.A. These results are consistent with the conclusions of many field investigations that demonstrate the importance of photoperiod and temperature as external factors affecting the release from diapause by both freshwater and marine crustaceans (e.g. Stross 1966; Marcus 1980; Pfrender & Deng 1998) . However, diapausing eggs did hatch during this experiment even when they were incubated continuously at 4 °C and in constant dark conditions (Fig.  1) , indicating that some eggs will terminate diapause in the absence of external cues. Other studies have also shown that individuals will terminate diapause without any obvious external cues, usually resulting in a rather synchronous pattern of breaking diapause (e.g. Hirche 1983; Elgmork 1973; Williams-Howze & Coull 1992; Alekseev 1998; Elgmork & Lie 1998) .
Within-clutch patterns of hatching were highly variable in all treatments, with significant differences among clutches in hatching timing (Fig. 2) . Most clutches contained eggs that hatched at a variety of ages, suggesting that individual differences exist among eggs within a clutch in either sensitivity to external cues to break diapause, or in internal timing mechanisms maintaining a diapause condition. To date, there appears to have been no other study of within-clutch hatching patterns of diapausing eggs of calanoid copepods. This is most likely because most studies have been conducted on field-collected eggs or based on sampling of emergence from sediments (Johnson 1967; Marcus 1987; De Stasio 1989 Taylor et al. 1990; Hairston et al. 2000) . The study by Rossi et al. (1998) examining diapause phenology of Mixodiaptomus kupelwieseri tested clutches of diapausing eggs under wet and dry conditions, but results based on within-clutch patterns were not reported.
The results of high within-clutch variability in hatching patterns of O. sanguineus diapausing eggs stand in contrast to the few studies on other organisms examining maternal effects on hatching patterns. For instance, De Meester et al. (1998) found an important maternal effect on hatching of Daphnia magna diapausing eggs, and De Meester & De Jager (1993) also found family-dependent effects on hatching rates of this same species. Similarly, Van Dooren & Brendonck (1998) found a significant maternal effect related to age of the mother on hatching success of cysts of the fairy shrimp Branchipodopsis wolfi. Based on all these results it is clear that there are differences in hatching patterns of diapausing eggs produced by the same mother when we compare the results for calanoid copepods with other groups like Daphnia and fairy shrimp. There is a clear need to investigate whether this difference holds for other species and populations of freshwater copepods.
Despite the high within-clutch variability of hatching observed in this experiment, the overall timing of emergence from diapause was fairly synchronous in each of the treatments (Fig. 3) . While some eggs hatched as early as 4 months after being produced, the majority of diapausing eggs were approximately 1.5 years old when they hatched. The experimental conditions employed here did not exactly mimic the changes in temperature and photoperiod occurring in Bullhead Pond, so comparison between these results and field patterns should be viewed cautiously. However, it is intriguing to note that the age at which most eggs hatched in the laboratory resulted in them emerging at approximately the same time of year as O. sanguineus nauplii typically emerge in Bullhead Pond, primarily between November and March (De Stasio 1989) . The fact that the main period of hatching of eggs provided with no external cues (i.e. in the 4C/Dark treatment) was earlier than in each of the other treatments may support the hypothesis that external cues play an important role in determining the timing of termination of diapause. Further careful experimentation to address this question is needed to reach any firm conclusions.
High within-clutch variability of hatching can have evolutionary significance considering the importance of long-term diapause to microevolution of freshwater zooplankton (Hairston & Walton 1986; Hairston & De Stasio 1988; Ellner et al. 1999) . Results shown above (Fig. 2) clearly demonstrate that an individual mother produces eggs in a single clutch with a wide variety of diapause durations. This pattern results in her offspring potentially emerging into multiple environmental conditions, spreading out her investment in the future. This form of risk-spreading is in contrast to risk-spreading by producing eggs that will enter dormancy and avoid conditions that are currently poor but that will all emerge together some time in the future when conditions improve. The latter type of bet-hedging can be evolutionarily advantageous if hatching reliably occurs when conditions are improved and if hatching timing is a heritable trait. It seems likely that hatching timing may be heritable given that the timing of the onset of diapause in O. sanguineus has been shown to be highly heritable (Hairston & Walton 1986; Hairston & Dillon 1990) . If hatching traits are heritable, then the variable patterns exhibited by siblings within a clutch may suggest that eggs can not reliably predict when conditions have improved in the environment. This speculation calls for more detailed experiments. Clearly, further studies of within-clutch patterns of termination of diapause for copepods would help further our understanding of the evolutionary importance of diapause in the life history of aquatic invertebrates in general.
CONCLUSIONS
Hatching patterns of diapausing eggs of Onychodiaptomus sanguineus have the potential to significantly affect the population dynamics and evolutionary ecology of this freshwater calanoid copepod. Assessing the relative importance of external cues compared to internal mechanisms in determining the hatching success and timing of termination of diapause is a critical need in order to further our understanding of invertebrate diapause.
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